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Abstract
The annihilation of Weakly Interactive Massive Particles (WIMP) in the centre of the sun could give rise
to neutrino fluxes. We study the prospects of searching for these neutrinos at the upcoming Iron CALorime-
ter (ICAL) detector to be housed at the India-based Neutrino Observatory (INO). We perform ICAL simu-
lations to obtain the detector efficiencies and resolutions in order to simulate muon events in ICAL due to
neutrinos coming from annihilation of WIMP in the mass range mχ = (3 − 100) GeV. The atmospheric
neutrinos pose a major background for these indirect detection studies and can be reduced using the fact
that the signal comes only from the direction of the sun. For a given WIMP mass, we find the opening
angle θ90 such that 90 % of the signal events are contained within this angle and use this cone-cut criteria
to reduce the atmospheric neutrino background. The reduced background is then weighted by the solar
exposure function at INO to obtain the final background spectrum for a given WIMP mass. We perform
a χ2 analysis and present expected exclusion regions in the σSD − mχ and σSI − mχ, where σSD and
σSI are the WIMP-nucleon Spin-Dependent (SD) and Spin-Independent (SI) scattering cross-section, re-
spectively. For a 10 years exposure and mχ = 25 GeV, the expected 90 % C.L. exclusion limit is found
to be σSD < 6.87 × 10−41 cm2 and σSI < 7.75 × 10−43 cm2 for the τ+τ− annihilation channel and
σSD < 1.14 × 10−39 cm2 and σSI < 1.30 × 10−41 cm2 for the b b¯ channel, assuming 100 % branching
ratio for each of the WIMP annihilation channel.
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I. INTRODUCTION
Various cosmological and astrophysical observations strongly support the existence of the Dark
Matter (DM) with an abundance of ∼27%. The existence of DM was first postulated by Fritz
Zwicky [1] who in an attempt to explain the dynamics of galaxies in the Coma galaxy cluster
concluded that the most of the mass in the cluster must be invisible. Missing mass of spiral
galaxies were also reported by Jan Oort and later confirmed by Vera Rubin (see [2] for a more
recent discussion) from the observation of flat galactic rotation curves which demanded that most
of the matter of the galaxy is non-luminous and existed in the form of dark haloes. This inference
has been supported by the weak [3, 4] and strong [5] gravitational lensing data. Observations of
the bullet cluster by the Chandra satellite [6] further reinforced the idea of existence of a dark
non-baryonic component of matter in the universe. Finally, the most precise measurement of the
dark matter abundance of the universe comes from the measurements of the anisotropies of the
cosmic microwave background spectra [7]. The most recent analysis of the data from the Planck
satellite [8] gives a dark matter abundance of 0.1172 ≤ ΩDMh2 ≤ 0.1226 at 67 % C.L..
While the evidence for the existence of dark matter via its gravitational interactions is pretty
strong, its particle nature remains largely unknown. Among the various possible candidates
proposed, WIMP seem to be the most promising ones with masses ranging from a few GeVs to a
few TeVs [9, 10]. As the solar system moves through the DM halo, WIMP scatter off the nuclei
in the celestial bodies like the sun and the earth. The scattered WIMP lose energy and could get
gravitationally trapped by the gravitational potential of body and gradually sink to their cores. As
WIMP annihilation rate scales with the square of its density, the core of these celestial bodies
are the centres where WIMP could undergo annihilation, through various channels, into Standard
Model (SM) particle-antiparticle pairs. The subsequent showering of these would give neutrinos
whose energy spectra depend on the WIMP mass and annihilation channel1. The neutrinos
thus produced deep inside the sun, will undergo oscillations, interactions and regeneration as
they propagate out of the core. Detection of these neutrinos, then, in principle, would provide
information about the nature of DM viz., its branching ratio, mass and cross-section. The signal
neutrinos, on reaching the detector, interact with the medium and produce corresponding leptons.
1 Models of extra-dimensions predict WIMP annihilating directly into νeν¯e, νµν¯µ, ντ ν¯τ [11, 12].
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Various neutrino detectors like IceCube[13], Super-Kamiokande [14, 15] and ANTARES [16]
have been looking for such signatures and have put limits on the neutrino fluxes from annihilation
of WIMP masses ranging from a few GeVs to a few TeVs. Prospects of indirect search of dark
matter with these detectors have also been investigated in [17–20].
There is a proposal to build a 50 kt magnetised Iron CALorimeter (ICAL) detector at the
India-based Neutrino Observatory (INO) [21]. The main physics goal of this detector would
be to use atmospheric neutrino events to determine the neutrino mass hierarchy [22–24] and
atmospheric neutrino parameters [25–28] with good precision. However, it has been shown
that one could use this detector to obtain competitive sensitivity to new physics scenarios such
as sterile neutrinos [29], CPT violation in neutrinos [30], non-standard neutrino interactions
[31], and magnetic monopoles [32] and decaying dark matter [33], among others. Since the
neutrinos produced in WIMP annihilations are in the energy range of a few GeV to 100 GeV
for WIMP masses in the few GeV to 100 GeV range, ICAL should be able to efficiently
detect these neutrinos and constrain the WIMP paradigm of dark matter. Prospects of indirect
searches for dark matter at magnetised iron calorimeters were studied before in [34–36]. All
these studies were done assuming ad-hoc values for the detector specification such as detector
efficiencies and energy and zenith angle reconstruction of the neutrino from WIMP annihilations.
The atmospheric background suppression used in these earlier works were also ad hoc with the
atmospheric neutrino background suppressed by a constant normalisation factor and without using
the solar exposure function. In this work we perform a full simulation of the events from WIMP
annihilations including reconstruction and charge identification efficiencies and energy and zenith
angle resolutions obtained from a full detector simulations using a Geant4-based [37–39] code for
ICAL [40, 41]. We also carry out a detailed background suppression study in order to reduce the
atmospheric neutrino events in the simulated data, which pose a serious background to indirect
detection of WIMP in the sun. We perform a χ2 analysis and present exclusion C.L. contours
in the WIMP mass - WIMP-nucleon scattering cross-section plane. This work is a part of the
on-going effort by the INO collaboration to study the physics reach of the ICAL detector.
The paper is organised as follows. In Section II we calculate the signal neutrino spectra due to
WIMP annihilation in the sun. In Section III we describe the detector and the event generation pro-
cedure. Thereafter, in Section IV, we describe the atmospheric background suppression scheme.
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In Section V we describe our statistical analysis. We present our main results in Section VI and
finally conclude in Section VII. In Appendix A we describe our results on ICAL simulations to
find the detector efficiencies and resolutions.
II. SIGNAL NEUTRINOS FROM WIMP ANNIHILATION
The number of WIMP inside the sun as a function of time is given by the following differential
equation [9],
dN
dt
= C − CAN2 − CEN , (1)
where the three terms on the right-hand side correspond to capture of WIMP inside the sun, annihi-
lation inside the sun’s core and evaporation from its surface, respectively. The effect of evaporation
from the sun is seen to be important only for very light WIMP [42–45]. Since we will be working
with WIMP masses above 3 GeV, we will neglect the last term of Eq. (1) in this paper. Since each
annihilation reduces the number of WIMP by two units, the rate of depletion of WIMP (ΓA) is
twice the annihilation rate in the sun and hence
ΓA =
1
2
CAN
2 . (2)
Solving Eq. (1) for N , we find the annihilation rate at any given time as
ΓA =
1
2
C tanh 2(t/τ) , (3)
where τ = (CCA)−1/2 is the time required for equilibrium to be established between the capture
and annihilation of WIMP in the sun. If the age of the sun is greater than the equilbrium time
scale (t = 1.5× 1017 s >> τ ), then ΓA = 12C.
The WIMP capture rate due to Spin Independent (SI) interactions in the sun is given by [9, 46],
CSI = c
(
1 GeV
mχ
)(
ρlocal
0.3 GeV/cm3
)(
270 km/s
v¯local
)∑
i
Fi(mχ)σ
i
SIfiφi
S(mχ/mNi)
mNi/(1 GeV)
, (4)
where c = 4.8 × 1024 s−1, mχ is the mass of DM, ρlocal is the local DM density and v¯local is the
DM velocity dispersion in the halo, the summation has to be carried out over all the nuclei in
the sun, Fi(mχ) is the form-factor suppression for the capture of a WIMP of mass mχ with the
ith nuclei, mNi is the mass (in GeV) of the i
th nuclear species, fi is the mass fraction of the ith
element, and σiSI is the cross-section for elastic scattering of the WIMP from the i
th nucleus via
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FIG. 1: SI and SD capture rates for WIMP in the core of the sun as a function of WIMP mass mχ.
SI interaction in units of 10−40 cm2, φi gives the distribution of the ith element in the sun, while
S(mχ/mNi) is the kinematic suppression factor for the capture of the WIMP. σ
i
SI can be related
to σSI as σiSI = σSIA
2
i
(
µχNi
µχp
)2
; where A is the atomic number, µ is the reduced mass and in
approximation mNi = Aimp, where mp is the proton’s mass.
The Spin Dependent (SD) capture rate of WIMP due to elastic scattering off sun’s nuclei is given
by [34],
CSD = 9× 1024 s−1
(
σSD
10−2 pb
)(
50 GeV
mχ
)2(
ρlocal
0.3 GeV/cm3
)(
270 km/s
v¯local
)
, (5)
where as before, mχ is the DM mass, ρlocal is the local DM density, vlocal is the DM velocity
dispersion in the halo and σSD is the SD WIMP-nucleon cross- section. Figure 1 shows the SD
and SI capture rates for the sun for an assumed WIMP-nucleon cross-section for each case.
The WIMP annihilate into pairs of standard model leptons, quarks, gauge and Higgs bosons. Their
subsequent hadronisation and/or decay give rise to neutrinos. We will also consider the situation
where the WIMP annihilate directly into neutrino-antineutrino pairs. The differential neutrino flux
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at the detector coming from WIMP annihilations in the sun is given by
dN ′ν
dΩdtdEν
=
ΓA
4piR2
∑
j=1
BRj
dNj
dEν
, (6)
where ΓA is defined above in terms of CSI or CSD, R is the distance traveled by the neutrinos
and dNj/dEν is the differential flux for a given annihilation channel j, where j could be W+W−,
bb¯, cc¯, τ+τ− and so on. The sum in Eq. (6) is over all possible channels j and the sum has to
be weighted with the branching ratio (BRj) of the particular channel j. These branching ratios
can be calculated within the framework of specific models. Since we consider a generic WIMP
scenario, we will take only one annihilation channel at a time and assume 100% branching ratio
for that channel. The expected sensitivity limit calculated for each channel for 100 % branching
ratio indicates the limit expected for that particular channel alone. A given WIMP model will
predict a mixture of these channels with varying branching ratios, and hence the corresponding
sensitivity limit will lie somewhere in the region bounded by the best and worst limit expected
from these various channels. For instance, the expected sensitivity limit for a DM model that
predicts annihilation of WIMPs into τ+τ− with 20 % BR and into bb¯ with 80 % BR, will lie in
a region between the expected sensitivity for these two channels with 100% BR, and closer to
the latter channel. It should be noted, however, that this example model explicitly assumes only
two annihilation channels. In case WIMP annihilate to less competitive annihilation channels
such as dd¯, uu¯, ss¯ etc the sensitivity limits would decrease proportionately. Similarly, WIMP
annihilation to channels like e+ e− etc which do not contribute to neutrino fluxes, would weaken
the sensitivity. The annihilation of WIMP can occur through various channels : cc¯, bb¯, tt¯, e+e−,
µ+µ−, τ+τ−, W+W−, Z0Z0, g g, dd¯, uu¯, ss¯ etc. Among these channels, electrons are stable and
the muons would interact and get absorbed inside the sun before they could produce high energy
neutrinos. Hence these are not relevant to our analysis. Annihilation of DM into particles like
protons, anti-deutrons, gamma rays will also not produce neutrino fluxes and hence not considered
in our work. The quark-antiquark annihilation channels like uu¯, dd¯ and ss¯ will produce a weaker
neutrino spectra, in fact a few order of magnitude smaller than the g g annihilation channel and
hence we do not consider them in our analysis. The g g annihilation channel is not competitive,
but we quote the sensitivity limits for this channel. We will work with WIMP masses between
a few GeVs to upto 100 GeV, and hence the channels W+W−, Z0Z0, tt¯ are not kinematically
relevant as they open up from masses 80.4 GeV, 91.2 GeV and 173 GeV, respectively. The
annihilation to Higgs boson has also not been considered for the same reason. In WIMP models
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Paramter Best-Fit Value
θ12 34
◦
θ13 9.2
◦
θ23 45
◦
δ 0
∆m221 7.5× 10−5eV2
∆m231 2.4× 10−3eV2
TABLE I: Oscillation parameters used in the simulations.
like Kaluza-Klein (KK) dark matter, WIMP could directly undergo annihilation into neutrinos
νeν¯e, νµν¯µ, ντ ν¯τ . We have considered these channels in our analysis.
The spectra of neutrino fluxes due to WIMP annihilation in the sun have been calculated in
detail in [47, 48]. In this work, for simulating the WIMP annihilations into standard model
particle-antiparticle pairs in the centre of the sun, the subsequent propagation of the daughter
particles and finally the neutrinos, we use WIMPSIM [49] package. WIMPSIM uses Nusigma
[50] for simulation of neutrino-nucleon interactions and PYTHIA [51] for the hadronisation,
decay and production of neutrinos. The upper WIMP mass considered for all the annihilation
channels is 100 GeV and the lower mass considered is 3 GeV with the exception of bb¯ whose
lower mass limit has been taken to be 7 GeV. The propagation of neutrinos includes full three
flavor neutrino oscillations with the oscillation parameters given in Table I. We consider normal
mass hierarchy for the neutrinos in our analysis.
The neutrino and antineutrino fluxes (in units of GeV−1m−2Ω−1s−1) at ICAL due to
WIMP annihilations in the sun is shown in Fig. 2. We use the following values:
ρlocal = 0.3 GeV/cm3, vlocal = 270 km sec−1 and 100 % BR for each of the channels. We
show the fluxes for WIMP mass of 25 GeV and WIMP-nucleon scattering cross-sections of
σSD = 10
−39 cm2. Note from Fig. 2 that for WIMP mass of 25 GeV, the fluxes for both neutrinos
as well as antineutrinos are nearly same. The above feature is seen to be true for nearly all WIMP
masses. Also note that for the τ+τ− channel, the neutrino fluxes fall by only about 1 order of
magnitude between neutrino energies 0 and 25 GeV, which is the maximum possible neutrino
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FIG. 2: The ν (solid) and ν¯ (dashed) fluxes at ICAL due to annihilation of 25 GeV WIMPs in the sun for
channels for various annihilation channels with σSD = 10−39 cm2. The fluxes due to SI interactions in the
sun are similar and scaled by the appropriate σSI .
energy from a 25 GeV WIMP. For the bb¯ channel on the other hand, the fluxes are lower than those
for the τ+τ− channel to begin with, and subsequently fall sharply by many orders of magnitude by
Eν = 15 GeV. For higher energies, the neutrino flux from the bb¯ channel is relatively negligible.
The fluxes due to cc¯ channel are lower than bb¯ for all neutrino energies but follow a similar trend.
The contribution from gg channel is an order less than bb¯. The fluxes due to uu¯, dd¯ and ss¯ channels
are pretty indistinguishable from each other and are several orders of magnitude lower than bb¯
making them least competitive. The KK channels give rise to monoenergetic neutrino fluxes at
high energies and hence will give the most sensitive limits. Therefore, it is evident that the indirect
detection bounds from observation of these neutrinos and antineutrinos will be stronger when one
considers the νν¯ or τ+τ− channels compared to when one takes the softer channels such as bb¯,
cc¯ etc. As mentioned above, we do not consider the other channels with weaker neutrino flux
strength in our discussion on the expected sensitivity to indirect detection of dark matter in ICAL.
Within the context of specific WIMP models, of course, the individual BR for each of the channels
can be calculated and then one can find the expected sensitivity of ICAL to indirect detection
within that given model. For illustration, however, we give the expected sensitivity limits for
the τ+τ−, bb¯, cc¯ and gg channels with 100 % BR as mentioned above, and also consider WIMP
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annihilation channels νeν¯e, νµν¯µ, ντ ν¯τ in our analysis and calculate the corresponding expected
sensitivities. The Fig. 2 is shown for benchmark values of WIMP mass and cross-sections. The
fluxes for other values of σSD simply scale with the value of the cross-section, however, for other
values of WIMP masses the spectral shape changes. Nevertheless, the above mentioned features
regarding the fluxes from different annihilation channels remain true for all WIMP masses.
III. EVENT GENERATION AT ICAL
The ICAL detector is an upcoming 50 kt iron calorimeter detector at the proposed India-Based
Neutrino Observatory in Theni district of Tamil Nadu, India. It will consist of 150 layers of glass
RPCs (Resistive Plate Chambers) interspersed with iron plates. The details of the detector has
been described in detail elsewhere [21]. The neutrino (or antineutrino) on entering the detector
interacts with detector nucleon to produce a muon (or antimuon) and hadron(s). The muon (or
antimuon) produces a clean track in the magnetised iron, with the muon and antimuon bending
in opposite directions, giving the detector an excellent charge identification capability. The
hadron(s) produces a shower, which can also be detected. The detector is expected to have good
muon energy and angle resolution, reasonably good muon reconstruction efficiency and excellent
charge identification efficiency. In this work, we explore the versatility of the detector for probing
dark matter. As we will see, the excellent angular resolution of muons could be used to put
competitive limits on the WIMP scenario.
We calculate the signal and background muon and antimuon events using the event generator GE-
NIE [52], which has been suitably modified to include the ICAL geometry. The signal events are
calculated using the neutrino fluxes as described in Section II. The atmospheric neutrino back-
ground events are calculated using the Honda fluxes [53] given for the INO site. These events
are then passed through our reconstruction code whereby we apply detector energy and angle res-
olutions, as well as, reconstruction and charge identification efficiencies to get the final events.
These muons are binned in reconstructed energy and zenith angle bins. The muon reconstruction
efficiency, muon charge identification efficiency, muon zenith angle resolution and muon energy
resolution values are obtained though the Geant4-based [37] detector simulation code for ICAL,
developed by the INO collaboration. The details of our simulation procedure and snapshots of
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some of the results are given in Appendix A. The results in Appendix A show that the energy and
the angle resolutions for the muons are functions of both muon energy and muon zenith angle.
Same is true for the charge identification efficiency and reconstruction efficiency. The detector
efficiencies obtained as such and shown in Figs. 15 and 16 are then implemented onto the signal
and background events as follows:
N ′thij = N
∑
k
∑
l
Kki (E
k
T )M
l
j(cos Θ
l
T )
(
εklCklnkl(µ−) + ε¯kl(1− C¯kl)nkl(µ+)
)
(7)
where the indices i and j denote the measured energy and zenith angle bin of the muon, N is the
normalisation corresponding to a specific exposure in ICAL, EkT and cos Θ
l
T are the true (kinetic)
energy and true zenith angle of the muon, where the indices k and l denote the true energy and true
zenith angle bin of the muon. The quantities nkl(µ−) and nkl(µ+) are the number of µ− and µ+
events in the kth true energy and lth true zenith angle bin, respectively. The quantities εkl and ε¯kl
are the reconstruction efficiencies of µ− and µ+ respectively for the kth energy and the lth zenith
angle bin. Ckl and C¯kl are the corresponding charge identification quantities. The muon energy and
angle smearing are then implemented by folding in the Gaussian resolution functions Kki and M
l
j
in Eq. (7). These are given as,
Kki =
∫ EHi
ELi
dE
1√
2piσE
exp
(
−(E
k
T − E)2
2σ2E
)
, (8)
M lj(cos Θ
l
T ) =
∫ cos ΘHj
cos ΘLj
d(cos Θ)
1√
2piσcosΘ
exp
(
−(cos Θ
k
T − cos Θ)2
2σ2cosΘ
)
, (9)
and integrating out the true energy and angle of the muons, where E and cos Θ are the measured
(kinetic) energy and zenith angle of the muon and the values of σE and σcos Θ are given in Figs. 18
and 19, respectively. Similar expressions can be written for the µ+ events. Throughout this work
we will work with simulated events for 10 years of running of ICAL.
IV. ATMOSPHERIC NEUTRINO BACKGROUND SUPPRESSION
The atmospheric neutrinos pose a large background2 to the indirect detection signal. Fig. 3
shows the reconstructed µ− event distribution due to atmospheric neutrino background. These
2 There is another source of background where high energy neutrinos are produced in reactions when cosmic rays hit
the solar corona. However, this background is of order of a few neutrino events per year, and we ignore them for
our present analysis [54].
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FIG. 3: The µ− event distribution at ICAL due to atmospheric neutrino background for 50 × 10 kt-years
of ICAL exposure. ICAL has zero efficiency for horizontal tracks which is reflected in the bins around
cos θ = 0. Note that cos θ = 1 represents upward going muons in ICAL convention.
neutrinos have energies similar to those of neutrinos from WIMP annihilation for WIMP masses
3-100 GeV and hence atmospheric neutrino events are indistinguishable from indirect detection
events in ICAL. However, there are two features in which the signal neutrinos are different from
the atmospheric neutrinos. Firstly, the signal flux, as we had seen in Section II, has an energy
dependence that is quite different from the energy dependence of the atmospheric neutrinos
which falls sharply as ∼ E−2.7ν . Therefore, an analysis binned in energy should be able to
discriminate between the two kinds of events. More importantly, unlike the neutrinos from
WIMP annihilation which come from the direction of the sun, the atmospheric neutrinos have a
distribution over all zenith and azimuth angular bins. We can exploit this feature for an effective
background suppression. In what follows, we will describe in detail our cone-cut analysis method
for suppressing the atmospheric neutrino background.
Since our signal comes only from the sun while the atmospheric neutrino comes from all sides,
we accept events only from the direction of the sun. The signal neutrinos will be coming from
the direction of the sun and the associated scattered lepton produced at the detector (muon in
our case) will make an angle (θνµ) with the parent neutrino. The angle θνµ depends only on the
11
FIG. 4: The cone regions where signal from the WIMP annihilations are expected for the sun.
energy of the parent neutrino and the detector medium. Due to finite detector resolution there
will be smearing effects and the reconstructed muon direction will be slightly different compared
the true direction. However, since muon angle resolution is rather good for ICAL (cf. Appendix
A), we do not apply detector angular resolutions at this stage of background suppression for
simplicity. That is to say, we calculate θνµ using the generator level information i.e., using the true
direction of neutrino and the corresponding muon rather than using true direction of neutrino and
reconstructed muon direction.
We define cone angle θ90 as the half angle of the cone that contains 90 % of the signal muons,
the axis of the cone being in the direction of the parent neutrino. The cartoon showing our
geometrical cone-cut criteria is given in Fig. 4. The higher energy neutrinos will have a narrower
cone opening while lower energy ones will have a broader θ90. Since the neutrino energy is
determined by the mass of the annihilating WIMP, we expect the neutrino flux from annihilation
of heavier WIMP to produce more muons peaked along the direction of the sun and hence have
narrower cone angle θ90 than neutrino flux produced by lighter WIMP. For the same reason, θ90
for the τ+τ− channel is expected to be smaller than θ90 for the bb¯ channel. Likewise, among the
channels considered, we expect the largest and smallest value of θ90 for gg and νν¯ 3 respectively.
3 The fluxes, the cone-cut angles and hence the expected sensitivities due to νeν¯e, νµν¯µandντ ν¯τ are almost indentical.
Throughout this paper, unless otherwise specified by a subscript, we have taken ντ ν¯τ as the representative of all
neutrino flavors and indicated by νν¯.
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FIG. 5: 90 % cone-cut values obtained for the sun for neutrinos (LEFT) and antineutrinos (RIGHT) as a
function of the WIMP mass mχ.
Using WIMPSIM and GENIE, we calculate θ90 for each WIMP mass and for a given annihilation
channel in the sun. Fig. 5 shows the θ90 calculated for the sun as a function of the WIMP mass
(mχ). The different lines correspond to different annihilation channels. For each WIMP mass and
annihilation channel, we place θ90 cone around the neutrino direction and accept events that fall
within this cone. As expected the cone-cut angle θ90 is smaller for the τ+τ− channel compared to
the bb¯ channel since the former is harder compared to the latter. The θ90 for the antineutrinos is
seen to be smaller since for the same energy, the µ+ events from antineutrinos are seen to be more
forward peaked compared to the µ− events coming from neutrinos.
After having applied the cone cut to each of the atmospheric neutrino background events, we
have to assure that the events are indeed coming from the direction of the sun. For the case of
WIMP annihilation in the sun, the direction of the signal neutrinos is same as the direction of the
sun. Since we are using a Monte-Carlo generated data for our analysis, we assign a weight to
each of the background events, where the weight corresponds to the probability that a particular
event has originated from the direction of the sun. We call the probability of the sun exposing a
particular zenith and azimuth, for a given latitude and longitude at the earth, as the solar exposure
probability. We calculate this using WIMPSIM which uses SLALIB [55] routines. Fig. 6 shows
the solar exposure probability for the location of INO. The neutrino fluxes arising due to WIMP
annihilations in the sun necessarily follow the same angular distribution. The events accepted after
this step are the final background events which are shown in Fig. 7. The reduced background has
been shown for a the cone-cut angle θ90 corresponding to a 100 GeV WIMP and the τ+τ− channel.
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FIG. 8: The µ− (red solid lines) and µ+ (orange dotted lines) event distribution at ICAL due to signal
neutrinos arising out of WIMP annihilations in the sun through various annihilation channels . The signal
events correspond to neutrino fluxes arising due to SD capture rate. A cross-section of σSD = 10−39cm2
has been assumed for the signal neutrinos and mχ is taken as 25 GeV. Also shown are µ− (blue solid
lines) and µ+ (azure dotted lines) event distributions due the reduced atmospheric neutrino background
after applying the cone-cut angular suppression and the solar exposure function suppression.
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To compare our WIMP indirect detection signal with the reduced atmospheric neutrino back-
ground in ICAL, we show in Fig. 8 the µ− and µ+ signal events due to a 25 GeV WIMP annihi-
lating into τ+τ−, bb¯, cc¯, bb¯,νµν¯µ, ντ ν¯τ and gg channels. νeν¯e event spectra is similar to νµν¯µ and
ντ ν¯τ and hence we have not shown it here. Also shown are corresponding reduced atmospheric
neutrino background events. In Fig. 8(a), we show the signal events for the τ+τ− channel for a 25
GeV WIMP and the atmospheric neutrino background corresponding to the neutrino and antineu-
trino θ90 for this channel and 25 GeV WIMP mass. Like-wise, Fig. 8(b) shows the corresponding
events spectra and atmospheric neutrino background expected for the bb¯ channel. As noted be-
fore, since the neutrino flux from the τ+τ− channel is higher than the bb¯ channel and since it also
produces a harder neutrino spectrum, the signal event spectrum is higher for the former as well
as harder for both neutrinos as well as antineutrinos. The atmospheric neutrino background too
is lower for the τ+τ− channel since a harder neutrino spectrum gives a smaller θ90, improving
the cone-cut background rejection employed in our analysis. Therefore, the signal to background
ratio and hence the sensitivity to WIMP is expected to be better for the τ+τ− channel, as we will
see in the following sections. Fig. 8(c) shows the events due to cc¯ annihilation channel. Since the
fluxes from cc¯ are only slightly lower in comparision to bb¯, the event distribution follows the sim-
ilar trend. However, since the θ90 values for cc¯ and bb¯ channels are almost comparable for various
WIMP masses, it would be difficult to distinguish between these two channels. The events due to
direct annihilation of WIMP into neutrinos give rise to a higher number of event and hence better
sensitivity to indirect detection.
V. THE STATISTICAL ANALYSIS
We perform a χ2 analysis to obtain expected sensitivity limits on SD and SI WIMP-nucleon scat-
tering cross-sections for given WIMP masses. We simulate the prospective data at ICAL for no
WIMP annihilation and fit it with a theory where WIMP annihilate in the sun to give neutrinos.
Therefore, the “data” or “observed” events correspond to only the reduced atmospheric neutrino
backgrounds, whereas the “theory” or “predicted” events comprise the sum of the signal events
due to WIMP annihilation in the sun as well as the atmospheric neutrino background events. The
χ2 function is defined as:
χ2 = χ2(µ−) + χ2(µ+) , (10)
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where
χ2(µ±) = min
ξ±k
Ni∑
i=1
Nj∑
j=1
[
2
(
N thij (µ
±)−N exij (µ±)
)
+2N exij (µ
±) ln
(
N exij (µ
±)
N thij (µ
±)
)]
+
l∑
k=1
ξ±k
2
, (11)
N thij (µ
±) = N ′thij (µ
±)
(
1 +
l∑
k=1
pikijξ
±
k
)
+O(ξ±k 2) , (12)
N ′thij (µ
±) and N exij (µ
±) are the ‘predicted’ and ‘observed’ number of µ± events at ICAL respec-
tively. As explained above, in our analysis N exij (µ
±) include only the reduced atmospheric neu-
trino background events, while N ′thij (µ
±) include both signal events from WIMP annihilation in
the sun as well as the reduced background events from atmospheric neutrinos. The quantities
pikij are the correction factors due to the k
th systematic uncertainty, and ξ±k are the correspond-
ing pull parameters. Since this is an analysis which looks for signal events above atmospheric
neutrino backgrounds, and it is well known that there are substantial systematic uncertainties in
the predicted atmospheric neutrino fluxes, we include systematic uncertainties on the atmospheric
neutrino background. Like our previous analysis [31], we include 5 systematic errors on the at-
mospheric neutrino background: 20 % error on flux normalisation, 10 % error on cross-section,
5 % uncorrelated error on the zenith angle distribution of atmospheric neutrino fluxes and 5 % tilt
error. We further include a 5 % overall error to account for detector systematics4. The individual
contributions from µ− and µ+ data samples are calculated by minimising over the pull parame-
ters. These are then added to obtain the χ2 for a given set of WIMP mass and WIMP-nucleon
cross-section.
VI. RESULTS
We now present our main results on the expected sensitivity of ICAL to indirect detection of dark
matter. The 90 % C.L. expected sensitivity from 10 years of running of ICAL is shown in Fig. 9
in the σSD − mχ plane for the spin dependent cross-section. The expected sensitivity assuming
100 % BR in νν¯ (red solid line), τ+τ− (red dashed line) and bb¯ (red dashed line) channels have
been shown. Also shown are limits from other complementary indirect detection experiments:
IceCube [56] τ+τ− (bottom, light blue and dotted) and bb¯ (top, light blue and dotted) channels,
4 Simulations to estimate the detector systematic uncertainties in ICAL is underway. This number could therefore
change when better estimates of this become available.
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FIG. 9: The expected 90 % C.L. sensitivity limit on the WIMP-nucleon spin-dependent cross-sections as
a function of the WIMP mass. The ICAL expected sensitivity are shown for νν¯ (red solid line), τ+τ− (red
dashed line) and bb¯ (red dashed line) channels and for 10 years of running of ICAL. Current 90 % C.L.
limits from other indirect detection and direct detection experiments have been shown. Also shown is the
region compatible with the claimed signal seen by DAMA/LIBRA.
Super-Kamiokande (SK) [15] τ+τ− (bottom, black) and bb¯ (top, black), BAKSAN [57] τ+τ−
(bottom, green dot dashed) and bb¯ (top, green dot dashed) channels. For comparison we also
show the 90 % C.L. limits from direct detection experiments: PICASSO [58] (brownish-yellow),
SIMPLE [59] (violet long dot dashed) and PICO-60 C3F8 [60] (cyan solid line). Finally, the
blue-gray shaded region is the 3σ C.L. area compatible with the signal claimed by DAMA/LIBRA
[61, 62]. We find that the expected sensitivity from 10 years of running of ICAL is comparable5
to SK for both τ+τ− and bb¯ channels, with ICAL performing a tad better for all WIMP masses
greater than 10 GeV. Note that ICAL is expected to be better than all other direct as well as
indirect experiments which have placed limits on the WIMP-nucleon spin-dependent scattering
cross-section. In particular, the sensitivity of the ICAL experiment is expected to be better
5 We compared the event spectra for τ+τ− and atmospheric background as given in Fig. 8(a) with the corresponding
signal and background event spectra of Fig. 2 of [35]. Applying the same statistical analysis on both these event
sets, the calculated sensitivity limits were found to be comparable.
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FIG. 10: The expected 90 % C.L. sensitivity limit on the WIMP-nucleon spin-independent cross-sections
as a function of WIMP mass. The expected ICAL sensitivity are shown for νν¯ (red solid line), τ+τ− (red
dashed line) and bb¯ (red dashed line) channels and for 10 years of running of ICAL. Current 90 % C.L.
limits from other indirect detection and direct detection experiments have been shown. Also shown is the
region compatible with the claimed signal seen by DAMA/LIBRA, CoGeNT, CRESSTII and CDMS II Si.
than the current limits from IceCube and Baksan. The limits on σSD from the direct detection
experiments, in general, are weaker than those from indirect detection experiments for all ranges
of WIMP masses mχ with the exception of the limit obtained by PICO-60 C3F8.
The 90 % C.L. expected sensitivity from 10 years of running of ICAL for the spin-independent
cross-section is shown in the σSI −mχ plane in Fig. 10 along with limits from other experiments.
We show the expected sensitivity assuming 100 % BR in ντ ν¯τ (red solid line), τ+τ− (red dashed
line) and bb¯ (red dashed line) channels. Also shown are the current limits from earlier and
on-going experiments. For the SI cross-sections, the limits from the direct detection experiments
are significantly better than those from the indirect detection experiments. Allowed regions from
the direct searches claiming positive signal for dark matter at DAMA/LIBRA [61, 62] is shown
by metallic blue shaded region at 3σ C.L., at CoGeNT [63] by violet diagonally cross-hatched
region at 90 % C.L., at CRESSTII [64] by the green shaded region at 2σ C.L. and at CDMS
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FIG. 11: The expected 90 % C.L. sensitivity limit for ICAL on the WIMP-nucleon spin-dependent cross-
sections as a function of the WIMP mass and for different annihilation channels.
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FIG. 12: The expected 90 % C.L. sensitivity limit for ICAL on the WIMP-nucleon spin-independent
cross-sections as a function of the WIMP mass and for different annihilation channels.
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FIG. 13: The expected 90 % C.L. sensitivity limit for ICAL on the WIMP-nucleon spin-dependent and
spin-independent cross-sections as a function of the WIMP mass and for different annihilation channels.
The solid lines are the sensitivity limits calculated using detector systematics as described in Sec V. The
corresponding dotted lines are without systematics.
II Si [65] by brown hatched region at 90 % C.L. The limits on SI cross-sections from direct
detection experiments are shown for SuperCDMS [66] (cyan dotted line), CDMSlite [67] (orange
dotted), XENON-1T [68] (brown solid line) and LUX [69] (solid cyan line). The limits from
Xenon-1T are currently the best limits on WIMP-nucleon SI cross-sections. Also shown are
the less competitive limits from the indirect searches at IceCube [56] for τ+τ− (cyan solid line)
and bb¯ (cyan dotted line) channels, and SK [15] for τ+τ− (dark violet line) and bb¯ (light violet
line) channels. As for the SD cross-section case, we find that the expected sensitivity of ICAL is
comparable to that from SK for both channels and better than the current limits from IceCube. It
is worth pointing out that even though the limits on SI case from indirect detection experiments
are expected to be poorer than from direct detection experiments, they provide an independent
check on the WIMP parameters and can be used as a complementary probe of the WIMP paradigm.
Now we show the expected sensitivity of ICAL to indirect detection due to several WIMP
annihilation channels. The 90 % C.L. expected sensitivity from 10 years of running of ICAL is
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FIG. 14: Impact of varying branching ratios on the expected 90 % C.L. sensitivity limit at ICAL. The
shown limits are for WIMP-nucleon spin-dependent cross-sections as a function of the WIMP mass and for
three annihilation channels (same as in Fig. 9). Detector systematics have been included. The expected 90
% C.L. sensitivity limit due to toy Models A (red line) and B (violet line) have been shown.
shown in Fig. 11 in the σSD − mχ plane for the spin dependent cross-section. The green lines
are for gg channel, orange lines for cc¯, blue for bb¯, violet for τ+τ−, azure lines for νeν¯e, black
for νµν¯µ and red for ντ ν¯τ channel. Fig. 12 presents the 90 % C.L. expected sensitivity from 10
years of running of ICAL for the spin-independent cross-section, shown in the σSI −mχ plane for
different annihilation channels. The colour coding remains the same. For the reasons described in
II, the expected sensitivity limit due to WIMP annihilating into neutrino-antineutrino channels is
the strongest and weakest for the gg channel. This holds for both SD and SI case.
In Fig. 13 we present the impact of systematic uncertainties in the atmospheric neutrino back-
ground on the indirect detection sensitivity of ICAL. The solid lines in this figure show the 90 %
C.L. expected sensitivity of ICAL when systematic uncertainties are included. These were the
expected limits shown in Figs. 9, 10, 11 and 12. The corresponding dashed lines are obtained
by switching off the systematic uncertainties in the analysis. The orange lines are for σSD and bb¯
channel, the red lines are for σSD and τ+τ− channel, the azure lines are for σSI and the bb¯ channel,
22
the magenta lines are for σSI and τ+τ− channel, the dark green lines for σSD and νν¯ channel and
light green lines are for σSI and νν¯ channel. The impact of the systematic uncertainties for all the
channels are seen to be more for lower WIMP masses. This is because the atmospheric neutrinos
peak at lower energies and their fluxes fall as roughly E−2.7ν . Therefore, for lower WIMP masses,
since the neutrino spectrum from WIMP annihilation are softer, these get more affected by the
uncertainties in the atmospheric neutrino fluxes. The impact of the uncertainties is also seen to be
more for the bb¯ channel. The reason for this behaviour is again the same. We had seen in section
II that the neutrino spectrum from the bb¯ channel is softer. Similarly, the harder channels like νν¯
and τ+τ− have greater high energetic neutrino content. Therefore, the impact of the atmospheric
neutrino background and also the uncertainty on the atmospheric neutrino background affect the
softer channels more than the harder channels.
Finally, in Fig. 14 we illustrate the impact of varying branching ratios on sensitivity limits. It
is clear from Fig. 2 that some channels are weaker in comparision to others and would yield a
weaker sensitivity to indirect detection as shown in Fig. 11 and Fig. 12. However, these sensi-
tivity limits are assuming 100% branching ratios for each of the annihilation channel. Therefore,
the above sensitivity limit indicates the best limit one would expect at ICAL due to a particu-
lar channel considered. In nature, however, we would have a mixture of fluxes from different
channels and correspondingly the sensitivity limits would be altered. For a given WIMP model,
the branching ratio of a particular channel would be known and corresponding contribution in
terms of neutrino fluxes can be easily calculated. In a framework of a particular model, there-
fore, the sensitivity due to this mixture of fluxes would get scaled appropriately. To illustrate
this point, we consider two toy models and calculate their expected sensitivities at ICAL. We
take two toy models restricted to three annihilation channels: Model A which has a follow-
ing prediction : BRcc¯ : BRbb¯ : BRτ+τ− = 20% : 60% : 20% and Model B which predicts
BRcc¯ : BRbb¯ : BRτ+τ− = 10% : 20% : 70%. We see from the Fig. 14 that sensitivity due to
Model B (violet line) is more than Model A (red line), and it is expected since it has greater con-
tribution from a ‘harder channel which is τ+τ− in this case. For both the models, sensitivites are
indeed bounded by the strongest and the weakest channels which in this partcular case are τ+τ−
and cc¯ respectively.
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VII. CONCLUSIONS
If the WIMP paradigm as a solution to the observed dark matter abundance of the universe is
indeed true, they would be gravitationally captured by the sun. These WIMP would eventually
accumulate in the centre of the sun, where they would annihilate into standard model particle-
antiparticle pairs. All charged particles as well as photons coming from the showering of these
particles would be captured in the sun, and only the neutrinos would manage to escape and reach
the earth. Dark matter indirect detection experiments aim to observe these neutrinos. In this work,
we probe the potential of the ICAL detector to detect the neutrinos from WIMP annihilations in
the sun. This work is a part of ongoing studies to probe the physics potential of the ICAL detector.
We performed a study of µ− and µ+ events arising at ICAL due to such neutrinos through various
WIMP annihilation channels : τ+τ−, bb¯, cc¯, bb¯, νeν¯e, νµν¯µ, ντ ν¯τ and gg channels. We simulated
the expected event spectrum for the dark matter signal using the event generator GENIE, suitably
modified to include the ICAL detector geometry. The GENIE output is given in terms of true
energy and true zenith angle of the muon and is for a 100 % efficient ideal detector. We first
fold these events with detector efficiency and charge identification efficiency. Next, in order
to simulate the events in bins of measured muon energy and muon zenith angle, we fold them
with the muon energy resolution functions and muon zenith angle resolution functions. We
performed the ICAL detector simulation using the Geant4-based ICAL detector code to obtain
the detector and charge identification efficiencies as well as the muon energy and angle resolution
functions. These simulations are an extension of the detector simulations performed by the
INO collaboration [70], where the detector response was simulated for muon energies up to 25
GeV. We extended this analysis to muon energies up to 100 GeV in order to analyse the indirect
signal for higher WIMP masses. The detector and charge identification efficiencies as well as
muon energy and zenith angle resolutions are functions of both true muon energy and true muon
zenith angle. We presented our results on the ICAL detector response for higher energy muon in
Appendix A.
The atmospheric neutrinos pose a serious background to the signal neutrinos. However, the
atmospheric neutrinos come from all directions while the dark matter signal neutrinos only come
from the direction of the sun. We used this feature to place an angular cut to effectively reduce
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the atmospheric neutrino background. We first performed a generator-level simulation to find
the opening angle between the signal neutrinos and the direction of the sun such that 90 % of
the signal events were accepted. We presented these 90 % cone-cut angles θ90 as a function
of the WIMP mass. Heavier WIMP produce higher energy neutrinos and hence have smaller
cone-cut angles. This 90 % cone-cut criteria was then implemented on the atmospheric neutrino
background, wherein the event was accepted or rejected depending on whether its zenith angle
lied inside or outside the cone defined by θ90. Since the cone-cut angle θ90 was found to be
different for different WIMP mass, the atmospheric neutrino events accepted for the analysis was
also different for different WIMP masses. Finally, since the sun spends a specific amount of time
on a given zenith angle, we obtained the exposure function of the sun at the INO site and weighted
the accepted atmospheric neutrino events with this exposure function to get the final reduced
atmospheric neutrino background events as a function of the WIMP mass. We showed that the
cone-cut acceptance method reduces the atmospheric neutrino background by a fact of 100. We
presented the signal and background for τ+τ−, bb¯, cc¯, bb¯, νeν¯e, νµν¯µ, ντ ν¯τ and gg channels for
WIMP mass 25 GeV and σSD = 10−39 cm2 and showed that for the τ+τ− and νν¯ channels the
signal is above the background for most part of the spectrum. For higher WIMP masses, the
signal to background ratio were better.
We defined a χ2 function for the indirect detection sensitivity of ICAL to dark matter and
presented the expected sensitivity in the σSD −mχ and σSI −mχ planes for spin-dependent and
spin-independent cross-sections, respectively. The expected 90 % C.L. sensitivity was presented
for τ+τ−, bb¯, cc¯, bb¯, νeν¯e, νµν¯µ, ντ ν¯τ and gg channels for an exposure of 500 kt-yrs of ICAL and
with systematic uncertainties on atmospheric neutrino background included in the analysis. For
a WIMP mass of 25 GeV, the expected 90 % C.L. limit using the τ+τ− channel with 500 kt-yrs
exposure in ICAL is σSD < 6.87× 10−41 cm2 and σSI < 7.75× 10−43 cm2 for the spin-dependent
and spin-independent cross-sections, respectively. The effect of systematic uncertainties on the
atmospheric neutrino background was also studied.
In conclusion, with an effective atmospheric background suppression scheme, the expected 90 %
C.L. sensitivity limits from about 10 years of running of ICAL for SD and SI WIMP-nucleon
scattering cross-sections are competitive to the most stringent bounds till date.
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Appendix A: ICAL resolution and efficiency
The detector efficiencies and resolution functions are needed to simulate the signal and back-
ground events in terms of reconstructed energy and zenith angle of the muon. The detector
response to muons is studied using the ICAL code built on the Geant4.9.4.p02 [37] framework.
Further analyses are carried out with ROOT [71]. The study of the detector resolutions and
efficiencies closely follows the simulation procedure carried out previously by the collaboration
[70]. However, the earlier simulation was done for muon energies of up to 20 GeV. In this work
we extend the range of muon energy Eµ beyond 20 GeV upto 100 GeV. In our convention, the
cosine of the zenith6 angle cos θ = 1 represents an upward going muon, whereas cos θ = −1
indicates a downward going muon. We take 37 Eµ bins of variable bin-width between 1 and
100 GeV, finer bins for low energies and coarser for high energies, and 20 cos θ bins. A large
number of events are generated for a fixed Eµ and cos θ, separately for µ+ and µ−. The vertices of
these events were smeared over the central region (as defined in [70]) of ICAL. In each case, the
azimuthal angle (φ) was uniformly averaged over the range −pi ≤ φ ≤ pi. A good reconstructed
event is one that leaves a single track in the detector and crosses at least three consecutive RPC
layers. A further condition χ2/ndf < 10 is applied for choosing the reconstructed events.
6 In many places in the literature this is indeed referred to as the nadir angle, and rightly so. However, we will
continue to following the convention adopted in all previous the INO simulation papers.
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FIG. 15: LEFT: Reconstruction Efficiency for µ− at ICAL. RIGHT: Reconstruction efficiency for µ+ at
ICAL
Reconstruction efficiency (εrec) for each µ(Eµ, cos Θ) event is given by the ratio of total number
of events properly reconstructed (ηrec) and total number of events generated in the central region
of the detector (ηtotal) i.e. εrec = ηrecηtotal . Fig. 15 shows the reconstruction efficiencies of the muon
events as a function of Eµ for various cos θ values. The left and right figures are for µ− and
µ+ respectively. We can see from the figure how the reconstruction efficiency depends on the
true energy and true zenith angle of the muon. The efficiency is seen to initially rise with muon
energy, reach a peak at about Eµ ∼ 10 GeV, after which it is seen to fall albeit extremely slowly.
The dependence on cos θ is more complicated. For lower energies the muon reconstruction is
better for upward going neutrinos, with the nearly horizontal muons not being reconstructed at
all since the these muons fail to cross even 3 RPCs since the RPCs are arranged horizontally.
However, as the muon energy increase beyond Eµ > 20 GeV, the length of the muon track
increases and thereafter it becomes easier for the more horizontal muons to be reconstructed due
to the rectangular geometry of ICAL.
Charge Identification Efficiency(εCID) is defined as the ratio of the events with correctly identified
charges(ηCID) to the total reconstructed (ηrec) events: εCID = ηCIDηrec . Fig. 16 shows the CID
reconstruction efficiencies of the muon events as a function of Eµ for various cos θ. Again, the
left and right figures are for µ− and µ+ respectively. The charge identification efficiency is seen
increase until Eµ ∼ 20 GeV and thereafter fall. The dependence on the muon zenith angle is again
seen to be complicated. However, Fig. 16 reveals that in the energy region of our interest, i.e.,
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FIG. 16: LEFT: Charge identification reconstruction efficiency for µ− at ICAL RIGHT: Charge identifica-
tion reconstruction efficiency for µ+ at ICAL
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FIG. 17: LEFT: Reconstructed momentum distribution for µ− at ICAL. The energy resolution(σE) is given
by σ′E/E, where σ
′
E is the width obtained by fitting this with Gaussian probability distribution functions.
RIGHT: Reconstructed cosine of zenith angle distribution for µ− at ICAL. Angular resolution is given by
σcosθ which is the width obtained by fitting it with Gaussian probability distribution functions. Both the
distributions are for µ− with true Eµ = 25 GeV and cos θ = 0.85.
Eµ = (1− 100) GeV, the charge identification efficiency in ICAL is better than 96% for all muon
zenith angles.
In order to obtain the muon energy resolutions, the reconstructed momentum distributions for µ−
(and µ+) are plotted as a function of Eµ for a given true Eµ and true muon cos θ value, and then
fitted with a Gaussian function to get the σE of the distribution. The left panel of Fig. 17 shows
the reconstructed momentum distribution for µ− for true muon Eµ = 25 GeV and true muon
cos θ = 0.85. The fitted value of σE can be read off from the figure. This process is repeated for
all values of the true muon energy and true muon zenith angle. The left panel of Fig. 18 shows the
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FIG. 18: LEFT: Momentum resolution for µ−. RIGHT: Momentum resolution for µ+ at ICAL
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FIG. 19: LEFT: cos θ resolution for µ− at ICAL. RIGHT: cos θ resolution for µ+ at ICAL
σE for a µ− as a function of true muon energy Eµ and for the full set of values of cos θ, while the
right panel shows the corresponding plots for µ+.
To obtain the muon zenith angle resolution we use a similar procedure. The right panel of Fig. 17
shows the reconstructed zenith angle distribution for µ− for true muon Eµ = 25 GeV and true
muon cos θ = 0.85. The width of the distribution gives σcos θ which is extracted from the fit and
the steps repeated for all values of true muon energy and true muon zenith angle to get the full
table. The left panel of Fig. 18 shows the σE for a µ− as a function of true muon energy Eµ
and for the full set of values of cos θ, while the right panel shows the corresponding plots for µ+.
Similarly, the left panel of Fig. 19 shows the σcos θ for a µ− as a function of true muon energy Eµ
and for the full set of values of cos θ, while the right panel shows the corresponding plots for µ+.
29
[1] F. Zwicky, Die Rotverschiebung von extragalaktischen Nebeln, Helv. Phys. Acta 6 (1933) 110–127.
[Gen. Rel. Grav.41,207(2009)].
[2] Y. Sofue and V. Rubin, Rotation curves of spiral galaxies, Ann. Rev. Astron. Astrophys. 39 (2001)
137–174, [astro-ph/0010594].
[3] M. Bartelmann and P. Schneider, Weak gravitational lensing, Phys. Rept. 340 (2001) 291–472,
[astro-ph/9912508].
[4] E. van Uitert, H. Hoekstra, T. Schrabback, D. G. Gilbank, M. D. Gladders, and H. K. C. Yee,
Constraints on the shapes of galaxy dark matter haloes from weak gravitational lensing, Astron.
Astrophys. 545 (2012) A71, [arXiv:1206.4304].
[5] L. A. Moustakas and R. B. Metcalf, Detecting dark matter substructure spectroscopically in strong
gravitational lenses, Mon. Not. Roy. Astron. Soc. 339 (2003) 607, [astro-ph/0206176].
[6] D. Harvey, R. Massey, T. Kitching, A. Taylor, and E. Tittley, The non-gravitational interactions of
dark matter in colliding galaxy clusters, Science 347 (2015) 1462–1465, [arXiv:1503.07675].
[7] WMAP Collaboration, G. Hinshaw et al., Nine-Year Wilkinson Microwave Anisotropy Probe
(WMAP) Observations: Cosmological Parameter Results, Astrophys. J. Suppl. 208 (2013) 19,
[arXiv:1212.5226].
[8] Planck Collaboration, P. A. R. Ade et al., Planck 2015 results. XIII. Cosmological parameters,
Astron. Astrophys. 594 (2016) A13, [arXiv:1502.01589].
[9] G. Jungman, M. Kamionkowski, and K. Griest, Supersymmetric dark matter, Phys. Rept. 267 (1996)
195–373, [hep-ph/9506380].
[10] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and constraints, Phys.
Rept. 405 (2005) 279–390, [hep-ph/0404175].
[11] T. Appelquist, H.-C. Cheng, and B. A. Dobrescu, Bounds on universal extra dimensions, Phys. Rev.
D64 (2001) 035002, [hep-ph/0012100].
[12] M. Blennow, H. Melbeus, and T. Ohlsson, Neutrinos from Kaluza-Klein dark matter in the Sun,
JCAP 1001 (2010) 018, [arXiv:0910.1588].
[13] IceCube Collaboration, M. G. Aartsen et al., Search for annihilating dark matter in the Sun with 3
years of IceCube data, arXiv:1612.05949.
[14] Super-Kamiokande Collaboration, T. Tanaka et al., An Indirect Search for WIMPs in the Sun using
30
3109.6 days of upward-going muons in Super-Kamiokande, Astrophys. J. 742 (2011) 78,
[arXiv:1108.3384].
[15] Super-Kamiokande Collaboration, K. Choi et al., Search for neutrinos from annihilation of
captured low-mass dark matter particles in the Sun by Super-Kamiokande, Phys. Rev. Lett. 114
(2015), no. 14 141301, [arXiv:1503.04858].
[16] ANTARES Collaboration, A. Albert et al., Search for Dark Matter Annihilation in the Earth using
the ANTARES Neutrino Telescope, Phys. Dark Univ. 16 (2017) 41–48, [arXiv:1612.06792].
[17] R. Kappl and M. W. Winkler, New Limits on Dark Matter from Super-Kamiokande, Nucl. Phys. B850
(2011) 505–521, [arXiv:1104.0679].
[18] C. R. Das, O. Mena, S. Palomares-Ruiz, and S. Pascoli, Determining the Dark Matter Mass with
DeepCore, Phys. Lett. B725 (2013) 297–301, [arXiv:1110.5095].
[19] C. Rott, T. Tanaka, and Y. Itow, Enhanced Sensitivity to Dark Matter Self-annihilations in the Sun
using Neutrino Spectral Information, JCAP 1109 (2011) 029, [arXiv:1107.3182].
[20] N. Fornengo, A. Masiero, F. S. Queiroz, and C. E. Yaguna, On the Role of Neutrinos Telescopes in
the Search for Dark Matter Annihilations in the Sun, JCAP 1712 (2017), no. 12 012,
[arXiv:1710.02155].
[21] ICAL Collaboration, S. Ahmed et al., Physics Potential of the ICAL detector at the India-based
Neutrino Observatory (INO), Pramana 88 (2017), no. 5 79, [arXiv:1505.07380].
[22] A. Ghosh, T. Thakore, and S. Choubey, Determining the Neutrino Mass Hierarchy with INO, T2K,
NOvA and Reactor Experiments, JHEP 04 (2013) 009, [arXiv:1212.1305].
[23] M. M. Devi, T. Thakore, S. K. Agarwalla, and A. Dighe, Enhancing sensitivity to neutrino
parameters at INO combining muon and hadron information, JHEP 10 (2014) 189,
[arXiv:1406.3689].
[24] A. Ajmi, A. Dev, M. Nizam, N. Nayak, and S. U. Sankar, Improving the hierarchy sensitivity of ICAL
using neural network, arXiv:1510.02350.
[25] T. Thakore, A. Ghosh, S. Choubey, and A. Dighe, The Reach of INO for Atmospheric Neutrino
Oscillation Parameters, JHEP 05 (2013) 058, [arXiv:1303.2534].
[26] L. S. Mohan and D. Indumathi, Pinning down neutrino oscillation parameters in the 2?3 sector with
a magnetised atmospheric neutrino detector: a new study, Eur. Phys. J. C77 (2017), no. 1 54,
[arXiv:1605.04185].
[27] D. Kaur, M. Naimuddin, and S. Kumar, The sensitivity of the ICAL detector at India-based Neutrino
31
Observatory to neutrino oscillation parameters, Eur. Phys. J. C75 (2015), no. 4 156,
[arXiv:1409.2231].
[28] D. Kaur, Z. A. Dar, S. Kumar, and M. Naimuddin, Search for the differences in atmospheric neutrino
and antineutrino oscillation parameters at the INO-ICAL experiment, Phys. Rev. D95 (2017), no. 9
093005, [arXiv:1703.06710].
[29] S. P. Behera, A. Ghosh, S. Choubey, V. M. Datar, D. K. Mishra, and A. K. Mohanty, Search for the
sterile neutrino mixing with the ICAL detector at INO, Eur. Phys. J. C77 (2017), no. 5 307,
[arXiv:1605.08607].
[30] A. Chatterjee, R. Gandhi, and J. Singh, Probing Lorentz and CPT Violation in a Magnetized Iron
Detector using Atmospheric Neutrinos, JHEP 06 (2014) 045, [arXiv:1402.6265].
[31] S. Choubey, A. Ghosh, T. Ohlsson, and D. Tiwari, Neutrino Physics with Non-Standard Interactions
at INO, JHEP 12 (2015) 126, [arXiv:1507.02211].
[32] N. Dash, V. M. Datar, and G. Majumder, Sensitivity of the INO-ICAL detector to magnetic
monopoles, Astropart. Phys. 70 (2015) 33–38, [arXiv:1406.3938].
[33] N. Dash, V. M. Datar, and G. Majumder, Sensitivity for detection of decay of dark matter particle
using ICAL at INO, Pramana 86 (2016), no. 4 927–937, [arXiv:1410.5182].
[34] O. Mena, S. Palomares-Ruiz, and S. Pascoli, Reconstructing WIMP properties with neutrino
detectors, Phys. Lett. B664 (2008) 92–96, [arXiv:0706.3909].
[35] S. K. Agarwalla, M. Blennow, E. Fernandez Martinez, and O. Mena, Neutrino Probes of the Nature
of Light Dark Matter, JCAP 1109 (2011) 004, [arXiv:1105.4077].
[36] M. Blennow, M. Carrigan, and E. Fernandez Martinez, Probing the Dark Matter mass and nature
with neutrinos, JCAP 1306 (2013) 038, [arXiv:1303.4530].
[37] GEANT4 Collaboration, S. Agostinelli et al., GEANT4: A Simulation toolkit, Nucl. Instrum. Meth.
A506 (2003) 250–303.
[38] J. Allison et al., Geant4 developments and applications, IEEE Trans. Nucl. Sci. 53 (2006) 270.
[39] J. Allison et al., Recent developments in GEANT 4, Nucl. Instrum. Meth. A835 (2016) 186–225.
[40] K. Bhattacharya, G. Majumdar, and A. Redij, Simulation studies for ICAL detector at India-based
neutrino observatory, DAE Symp. Nucl. Phys. 56 (2011) 1140–1141.
[41] K. Bhattacharya, A. K. Pal, G. Majumder, and N. K. Mondal, Error propagation of the track model
and track fitting strategy for the Iron CALorimeter detector in India-based neutrino observatory,
Comput. Phys. Commun. 185 (2014) 3259–3268, [arXiv:1510.02792].
32
[42] D. N. Spergel and W. H. Press, Effect of hypothetical, weakly interacting, massive particles on energy
transport in the solar interior, Astrophys. J. 294 (1985) 663–673.
[43] A. Gould, WIMP Distribution in and Evaporation From the Sun, Astrophys. J. 321 (1987) 560.
[44] L. M. Krauss, M. Srednicki, and F. Wilczek, Solar System Constraints and Signatures for Dark
Matter Candidates, Phys. Rev. D33 (1986) 2079–2083.
[45] K. Griest and D. Seckel, Cosmic Asymmetry, Neutrinos and the Sun, Nucl. Phys. B283 (1987)
681–705. [Erratum: Nucl. Phys.B296,1034(1988)].
[46] A. Gould, Cosmological density of WIMPs from solar and terrestrial annihilations, Astrophys. J. 388
(1992) 338–344.
[47] M. Cirelli, N. Fornengo, T. Montaruli, I. A. Sokalski, A. Strumia, and F. Vissani, Spectra of neutrinos
from dark matter annihilations, Nucl. Phys. B727 (2005) 99–138, [hep-ph/0506298]. [Erratum:
Nucl. Phys.B790,338(2008)].
[48] M. Blennow, J. Edsjo, and T. Ohlsson, Neutrinos from WIMP annihilations using a full three-flavor
Monte Carlo, JCAP 0801 (2008) 021, [arXiv:0709.3898].
[49] J. Edsjo, WimpSim Neutrino Monte Carlo, http://www.fysik.su.se/edsjo/wimpsim.
[50] J. Edsjo, NuSigma neutrino interaction Monte Carlo,
http://www.fysik.su.se/edsjo/wimpsim.
[51] T. Sjostrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05 (2006) 026,
[hep-ph/0603175].
[52] C. Andreopoulos et al., The GENIE Neutrino Monte Carlo Generator, Nucl. Instrum. Meth. A614
(2010) 87–104, [arXiv:0905.2517].
[53] M. Honda, T. Kajita, K. Kasahara, and S. Midorikawa, Improvement of low energy atmospheric
neutrino flux calculation using the jam nuclear interaction model, Phys. Rev. D 83 (Jun, 2011)
123001.
[54] J. Edsjo, J. Elevant, R. Enberg, and C. Niblaeus, Neutrinos from cosmic ray interactions in the Sun,
arXiv:1704.02892.
[55] P. T. Wallace, “SLALIB: A Positional Astronomy Library.” Astrophysics Source Code Library, Mar.,
2014.
[56] IceCube Collaboration, M. G. Aartsen et al., Search for dark matter annihilations in the Sun with the
79-string IceCube detector, Phys. Rev. Lett. 110 (2013), no. 13 131302, [arXiv:1212.4097].
[57] M. M. Boliev, S. V. Demidov, S. P. Mikheyev, and O. V. Suvorova, Search for muon signal from dark
33
matter annihilations inthe Sun with the Baksan Underground Scintillator Telescope for 24.12 years,
JCAP 1309 (2013) 019, [arXiv:1301.1138].
[58] PICASSO Collaboration, S. Archambault et al., Constraints on Low-Mass WIMP Interactions on
19F from PICASSO, Phys. Lett. B711 (2012) 153–161, [arXiv:1202.1240].
[59] M. Felizardo et al., Final Analysis and Results of the Phase II SIMPLE Dark Matter Search, Phys.
Rev. Lett. 108 (2012) 201302, [arXiv:1106.3014].
[60] PICO Collaboration, C. Amole et al., Dark Matter Search Results from the PICO-60 C3F8 Bubble
Chamber, Phys. Rev. Lett. 118 (2017), no. 25 251301, [arXiv:1702.07666].
[61] C. Savage, G. Gelmini, P. Gondolo, and K. Freese, Compatibility of DAMA/LIBRA dark matter
detection with other searches, JCAP 0904 (2009) 010, [arXiv:0808.3607].
[62] DAMA Collaboration, R. Bernabei et al., First results from DAMA/LIBRA and the combined results
with DAMA/NaI, Eur. Phys. J. C56 (2008) 333–355, [arXiv:0804.2741].
[63] CoGeNT Collaboration, C. E. Aalseth et al., Results from a Search for Light-Mass Dark Matter with
a P-type Point Contact Germanium Detector, Phys. Rev. Lett. 106 (2011) 131301,
[arXiv:1002.4703].
[64] G. Angloher et al., Results from 730 kg days of the CRESST-II Dark Matter Search, Eur. Phys. J. C72
(2012) 1971, [arXiv:1109.0702].
[65] CDMS Collaboration, R. Agnese et al., Silicon Detector Dark Matter Results from the Final
Exposure of CDMS II, Phys. Rev. Lett. 111 (2013), no. 25 251301, [arXiv:1304.4279].
[66] SuperCDMS Collaboration, R. Agnese et al., Search for Low-Mass Weakly Interacting Massive
Particles with SuperCDMS, Phys. Rev. Lett. 112 (2014), no. 24 241302, [arXiv:1402.7137].
[67] SuperCDMS Collaboration, R. Agnese et al., Search for Low-Mass Weakly Interacting Massive
Particles Using Voltage-Assisted Calorimetric Ionization Detection in the SuperCDMS Experiment,
Phys. Rev. Lett. 112 (2014), no. 4 041302, [arXiv:1309.3259].
[68] XENON Collaboration, E. Aprile et al., First Dark Matter Search Results from the XENON1T
Experiment, arXiv:1705.06655.
[69] LUX Collaboration, D. S. Akerib et al., Results from a search for dark matter in the complete LUX
exposure, Phys. Rev. Lett. 118 (2017), no. 2 021303, [arXiv:1608.07648].
[70] A. Chatterjee, K. K. Meghna, K. Rawat, T. Thakore, V. Bhatnagar, R. Gandhi, D. Indumathi, N. K.
Mondal, and N. Sinha, A Simulations Study of the Muon Response of the Iron Calorimeter Detector
at the India-based Neutrino Observatory, JINST 9 (2014) P07001, [arXiv:1405.7243].
34
[71] R. Brun and F. Rademakers, ROOT: An object oriented data analysis framework, Nucl. Instrum.
Meth. A389 (1997) 81–86.
35
